Results

Activation to Nonzero versus Zero Disparity in Macaques and Humans
Our first experimental goal was to identify areas in macaque and human visual cortex that are more strongly activated by a disparity-rich stimulus compared to uniform zero disparity.
We scanned four macaques and eight humans. The experimental setup for the human and monkey fMRI has been described elsewhere (Tootell et Figure 3 shows the pattern of activation to near/far versus zero disparity in four different monkeys. The redand yellow-colored patches represent cortical regions that responded significantly more during the near/far disparity condition, compared to the zero disparity condition. Cortical regions that showed higher activity to the zero disparity condition are coded in blue-cyan; clearly, most activity was biased to the near/far stimulus. In all four monkeys, we found two main foci of activation: in the fundus and anterior bank of the lunate sulcus (areas V3 and V3A, respectively), and in the lateral, ventral bank of the caudal intraparietal sulcus (CIPS).
In Figures 3A and 3B , the area borders of early visual areas (outlined in blue) were obtained using meridian mapping . In Figures 3C and 3D , area borders were determined by registering a surfacebased atlas ( Van Essen, 2003) onto the individual hemisphere, using the Lewis and Van Essen (2000b) partitioning scheme for parietal areas and the Ungerleider and Desimone (1986) partitioning scheme for temporal areas. In particular, Lewis and Van Essen (2000b) identified a region in the caudal intraparietal sulcus whose cytoarchitecture was distinct from adjacent areas V3A and LIP. They designated this region the "LOP zone." Here, we use the borders of the LOP zone to define area CIPS.
We confirmed the ability of one monkey ( Figure 3C ) to see stereo inside the scanner using a behavioral task. The animal was trained to signal the orientation change of a disparity-defined bar (monocularly invisible) for a juice reward. The monkey mastered this task within one scan session, achieving performance levels Ͼ95% while being scanned (this stereo task was very similar to a luminance-defined bar-orientation task the monkey already knew). Thus, the monkey was clearly able to perceive depth in random-dot stereograms inside the scanner. Prior to scanning, all human subjects affirmed their ability to see depth in the stereoscopic stimuli. Figure 4 shows areas activated by near/far compared to zero disparity (same stimulus as in Figure 3 ) in four human subjects. In all four subjects, the strongest activity occurred in areas V3A (as in the macaque) and addi- to zero disparity with p Ͻ 0.01. We were forced to use this circular definition because there are no known independent functional tests that robustly parcellate this band, accompanied by patches of suppression at other region of cortex.
eccentricities (e.g., Figure 4B ). This could reflect eccenIn early human visual areas (V1, V2, V3/VP), disparityrelated activation often occurred as an iso-eccentric tricity-based variations in disparity tuning, since the dis-of increased conjugate and vergence eye movements during the disparity condition. To test this possibility, in two monkeys, we tracked the eye movements (in one eye) during scanning. We did not find more horizontal or vertical eye movements during the disparity condition than during the zero disparity condition (F-test, horizontal position, p Ͻ 0.28; vertical position, p Ͻ 0.39). Moreover, we did not find a significant increase in activity in areas known to be activated prior to eye movements, such as the superior colliculus and LIP (Robinson, 1972; Gnadt and Mays, 1995), during disparity conditions (though this may have been due to limited sensitivity).
Finally, in one human subject, we explicitly imaged the BOLD activation to vergence eye movements compared to fixation (see Supplemental Figure S5 at http:// www.neuron.org/cgi/content/full/39/3/555/DC1). In different blocks, a zero disparity fixation point alternated with a changing disparity fixation point (whose disparity spanned the same range as that used in the disparity checkerboard stimulus, Ϯ0.22Њ). The subject was asked to track the changing disparity fixation point with vergence eye movements. This elicted two strong foci of activation in the anterior intraparietal sulcus and in the superior temporal gyrus, as well as a band of activation in foveal visual cortex (see Supplemental Figure  S5A ). For comparison, Supplemental Figure S5B shows the activation to the disparity checkerboard compared human subjects (these four human subjects had the 2001). In any case, the activity in these early human clearest retinotopy). In the macaque, strongest activavisual areas was statistically less significant than that tion occurred in areas V3, V3A, and CIPS. In the human, in V3A, V4d-topo, V7, and CPDR. strongest activation occurred in V3A, V7, V4d-topo, and In addition to the checkerboard, we also tested the CPDR. Thus, in both primate species, strong activity response pattern to a disparity-defined annulus comoccurred in V3A. However, several interspecies differpared to zero disparity in both the macaque and the ences were also apparent. (1) Humans showed stronghuman (see Supplemental Figure S4 at ht tp:/ /www . est disparity activity in area V4d-topo, whereas maneuron.org/cgi/content/full/39/3/555/DC1). The caques showed strongest disparity activity in CIPS. (2) resulting BOLD activity was confined to areas V3 and Macaques showed strong disparity activity in area V3, CIPS, as with the disparity checkerboard stimulus ( In the macaque, only area MT was significantly activated by the comparison of moving zero disparity versus static zero disparity ( Figure 7B ). This confirmed the motion sensitivity of area MT (Vanduffel et al., 2001 ). However, for the comparison between the moving disparity checkerboard and the moving zero disparity stimulus, V3A and CIPS were activated, but not MT ( Figure 7C) . Thus, the negative result in macaque MT was not due to a lack of coherent monocular motion in the disparity checkerboard. The positive result in V3A and CIPS confirmed the robust stereo selectivity of these areas. Figure  7D shows time courses obtained from V1, V3A, CIPS, and MT.
Binocular Uncorrelation
A binocularly uncorrelated stimulus yields the percept of a 3D cloud of dots at different depths, but unlike the checkerboard stimulus, lacks surface structure (Julesz, 1971). Figures 8A and 8B plot the response magnitude across macaque and human visual areas, respectively, to a string of five stimuli, consisting of (full screen) zero disparity, disparity checkerboard, binocularly uncorre- response to the binocularly uncorrelated stimulus was weaker than that to the disparity checkerboard stimulus. This suggests the importance of cooperative surfaceequal to that of the random-dot stimuli), zero disparity, based interactions across all tiers of the visual system. and a near/far disparity checkerboard.
The reason why activation in V3A appears less signifiIn both subjects, area V1 responded strongly to both cant in Figure 8A compared to Figure 5A is that the bar near/far disparity and zero disparity conditions, while graph in Figure 5A was derived from 16 times as much areas V3, V3A, V4v, V4d, and CIPS in the macaque and data as that in Figure 8A . Figure 8A is based on data V3A, V4d-topo, and V7 in the human responded more from two monkeys, while Figure 5A is based on data strongly to near/far disparity than to zero disparity. The from four monkeys. Furthermore, in the experiment for time course from macaque CIPS was especially remark- Figure 8A , we tested four different conditions with blank able, showing almost no response to zero disparity at all. epochs interleaved between each of the four conditions to mitigate order effects, while in Figure 5A we tested only two conditions. Response to Coherently Moving Disparity Human MTϩ showed some disparity-enhanced response, whereas macaque MT did not (Figures 3-6) .
Absolute versus Relative Disparity Disparity can be described in terms of absolute disparity Given the large body of single-unit data that has been collected on disparity processing in macaque MT (disparity relative to the fixation point) or relative disparity (disparity relative to that at a nearby location One possibility is that disparity modulation in MT retype(s) of disparity. To isolate areas activated by each type of disparity, we presented a three-condition stimuquires coherently moving patterns (in Figures 3-6 , the disparity stimulus consisted of random flicker without lus, consisting of zero disparity, full screen moving in and out, and disparity checkerboard with individual any coherent motion when viewed monocularly). To test this, we presented a three-condition stimulus, consisting checks moving in and out (each through the same range as in the full screen condition, Ϯ0.22). In Figure 8C , the of (1) static zero disparity, (2) moving zero disparity, and (3) a moving disparity checkerboard ( Figure 7A ). Both the left map shows activation in a macaque subject to the full screen moving in and out versus zero disparity (absomoving zero disparity stimulus and the moving disparity checkerboard were generated with a random-dot patlute disparity), while the right map shows activation to the disparity checkerboard versus the full screen moving tern that moved coherently within each eye at 2.2Њ/s, patterns were obtained in three additional hemispheres (data not shown). Thus, it appears that MT does not respond well to an edge-rich disparity pattern but prefers large disparity patterns coherently changing in depth. Figure 8D shows activation in response to the same two stimulus comparisons in a human subject. Early visual areas, as well as ventral areas including the lateral occipital complex anterior to V4v, were activated by the relative disparity stimulus but not by the absolute disparity stimulus. These areas appear to be involved in disparity-based segmentation processes. V3A, V4d-topo, and V7 were activated by both relative and absolute disparity, while MTϩ (as in the macaque) and CPDR were activated only by absolute disparity.
Because the size of the checks within the checkerboard stimulus was not systematically varied, it is possible that the above test for relative disparity representations may have missed regions in which the average receptive field size is smaller than the size of the checks. In such areas, the checkerboard stimulus would have provided mainly absolute disparity variations.
Attention
Many of the areas activated by disparity have also been reported to be activated by attention in other studies (Corbetta et al., 1998; Le et al., 1998; Tootell et al., 1998b; Wojciulik and Kanwisher, 1999). It is likely that attention interacts with disparity processing, since one purpose of attention is to select useful objects out of a cluttered environment, and disparity is one of the primary cues to detect depth edges and object boundaries.
Nevertheless, the disparity-driven activation we observed in macaque and human subjects was not simply due to increased attention. In both the monkey and the human, the overall topography of activation to near/far versus zero disparity was similar, regardless of whether the subject was performing an attention-demanding bar-orientation detection task or a passive fixation task. performance of both the passive fixation and the attention-demanding task. However, the amplitude of the MR signal was somewhat diminished, especially in higher in and out (relative disparity). Surprisingly, the absolute areas (MT, V7, V4d-topo, CIPS) during the bar task (Figdisparity stimulus elicited strongest activation in V3, ure 8F), suggesting that disparity processing in these MST, and MT/FST, while the relative disparity stimulus elicited strongest activation in V3A and CIPS. Similar areas may be modulated by attention. Segmentation versus Disparity parity-defined edges. To test whether these areas have a general role in scene segmentation or whether they Disparity is a powerful cue to scene segmentation. For example, in the stereogram in Figure 2B one can perare specialized for 3D scene segmentation specifically, we mapped the response to an orientation-defined ceive numerous square shapes. The sensitivity to relative disparity in macaque areas V3A and CIPS (Figure  checkerboard pattern, compared to a uniform-orientation pattern. 8C) and human areas V3A, V7, and V4d-topo ( Figure 8D) indicates that these areas are not just sensing absolute Figure 9A shows the activation maps in a macaque and human subject to an orientation-defined checkerdisparities, but are also computing the locations of dis-Thus, V3A and CIPS are not concerned with generalpurpose scene segmentation. In the human ( Figure 9B,  right) , the orientation-defined checkerboard also produced more activation in early visual areas than the disparity checkerboard.
Finally, we compared the response to a disparity checkerboard with that to zero disparity, as in Figures  3 and 4 -but now with a zero disparity grid superimposed on both the checkerboard and the zero disparity patterns. This stimulus should equate the scene segmentation processes stimulated by the two patterns. Nevertheless, we observed significant activation in V3, V3A, and CIPS in the macaque, and in V3A, V7, V4d-topo, and CPDR in the human ( Figure 9C ). This further demonstrates that these areas are not simply segmenting the scene into different shapes, but are processing the 3D layout.
Discussion
In both humans and monkeys, lesions to the posterior parietal lobe can cause profound deficits in spatial awareness, including neglect of the contralateral half of visual space, inability to draw simple 3D objects such as a cube, and inability to estimate distance and size (for review, see Thier and Karnath, 1997). These observations suggest that the posterior parietal lobe is crucial to cortical 3D processing. Here, our fMRI results confirm that a specialization for 3D processing exists in the posterior parietal lobe in both humans and monkeys. Binocular disparity produced the highest levels of fMRI activity in only a small cluster of areas in the dorsal stream: V3, V3A, and CIPS in the monkey, and V3A, CPDR, V7, and V4d-topo in the human.
These results raise at least three questions. near/far disparity condition compared to the zero disparity condition.
The last two possibilities appear unlikely. Monitoring board versus uniform mean gray. This stimulus activated a large number of visual areas including V3, V3A, and of eye movements inside the scanner indicated no difference in the magnitude of horizontal or vertical eye move-CIPS (weakly) in the macaque, and V3A, V7, V4d-topo, and CPDR in the human. Figure 9B (left) shows the ments during near/far compared to the zero disparity conditions. Furthermore, explicit imaging of activity proactivation map in a macaque to the orientation-defined checkerboard versus the uniform-orientation pattern.
duced by vergence eye movements showed that vergence eye movements and stereoscopic surfaces This produced strong activation in V1, V2, and V4; weak activation in V3; and no activation in V3A and CIPS. activated largely nonoverlapping regions of cortex (see Supplemental Figure S5 at http://www.neuron.org/cgi/ Area CIPS lies adjacent to V3A, at the junction of the lunate and intraparietal sulci, and it receives strong content/full/39/3/555/DC1). However, we cannot rule inputs from V3A (Nakamura et al., 2001). This relatively out the possibility that eye movement differences beunexplored cortical area has a distinctive cytoarchitectween the disparity-rich and zero disparity conditions ture, and has been designated the "LOP zone" by Lewis contributed to some of the activation patterns we oband Van Essen (2000a). The strong, circumscribed disserved.
parity-related fMRI activity in CIPS (which did not spread It is also unlikely that apparent disparity sensitivity was more anteriorly to LIP) supports the elevation of CIPS due solely to increased attention (possibility 4 above). In from a "zone" to a full-fledged area. Sakata et al. (1998) the human, disparity-driven activation was weaker when found that cells in CIPS are tuned to the orientation of attention was diverted by a demanding foveal task (Fig-3D surfaces defined by stereo and/or perspective. We ures 8E and 8F). Nevertheless, in both the monkey and found strong activation in CIPS to the disparity checkerthe human, the overall topographic pattern of activity board stimulus even though it had the same frontoparalproduced when the subject performed a difficult barlel orientation as the zero disparity stimulus everywhere. orientation discrimination task during disparity scanning This suggests that CIPS may process not only surface was similar to that obtained when the subject performed orientation, but also other surface parameters such as a passive fixation task (macaque, Figure 3D and Suppledepth edges. mental Figure S6 ; human, Figure 8E stimulation of single columns could affect the monkey's Furthermore, relative disparity activity in macaque areas percept of depth in predictable ways (DeAngelis et al., V3, V3A, and CIPS was not due to general scene seg-1998). mentation processes, but was due to 3D scene segmenHere, we found that MT was not activated by the tation specifically, since we found no activation in these disparity checkerboard compared to zero disparity, but areas to an orientation-defined checkerboard versus a it was activated by the changing disparity plane comuniform-orientation pattern ( Figure 9B ). pared to zero disparity ( Figure 8C ). This suggests that MT is not important for detection of disparity edges.
How Does Disparity fMRI Activity in Monkeys
It is difficult to reconcile this with the report by Bradley Compare to Results from Single-Unit and Andersen (1998) that 52% of MT cells were signifi-
Recordings in Monkeys?
cantly modulated by the disparity in the nonclassical Disparity-tuned cells have been found in almost every receptive field surround, and the center-surround intercortical visual area, yet the pattern of fMRI activity was action was usually antagonistic. One would expect cells much more localized. Direct comparison of monkey with antagonistic disparity surrounds to respond better fMRI results with single-unit results is difficult. Within to a disparity checkerboard than to a zero disparity each voxel, fMRI samples averaged activity across hunstimulus. dreds of thousands of neurons via hemodynamics. DeAt the very least, the strong relative disparity activapending on the size of functional domains relative to tions in areas V3, V3A, and CIPS ( Figure 8C, right) sugthe voxel size, activity within single cells could be modugest these latter areas may be more important than MT lated by disparity, yet activity within single fMRI voxels for disparity edge representations. Why might V3, V3A, could remain unchanged. For example, if an area conand CIPS contain more disparity edge detectors than tained equal numbers of near, far, and zero disparity-MT? One possibility is that V3, V3A, and CIPS are intuned cells, randomly scattered, then the net activity of volved in encoding 3D shape, while MT primarily enan fMRI voxel in this area to the near/far checkerboard codes motion in 3D space. In this model, binocular disstimulus and the zero disparity stimulus would be the parity would be a critical stimulus parameter for all three same. This may explain why we did not see differential areas, but it would be used for different purposes in fMRI activity in areas V1 and V2 to the disparity checkereach area. In MT, disparity information would reinforce board stimulus compared to the zero disparity stimulus. depth relationships constructed from motion parallax Our strongest disparity activations occurred in areas to disparity-defined curvature.
Monkey Surgery and Training
During the three weeks prior to surgery, the monkeys were trained processing.
Comparison of Disparity Activity in Monkey
Visual Stimuli
The activation patterns to stereoscopic stimuli that we A total of 112,460 functional monkey brain volumes were acquired for the experiments described here. Scanning procedures were simiin the scanner, the monkeys had restricted access to water in their lar for the two scanners; the following details pertain specifically to (Sereno et al., 1995) . Of these eight subjects, we used the four subjects showing the clearest retinotopy for our population anaylsis the Siemens 3 T Allegra (details for the 1.5 T scanning are described in Vanduffel et al., 2001) . A custom send/receive surface coil was of disparity (Figure 5 ). In addition to classically retinotopic areas, we also drew borders for MTϩ, V7, V4d-topo, and CPDR. used. Each monkey scan session lasted for about 3 hr. Each experiment began with a scan that served as input to an online optimization Human MTϩ was localized using a low-contrast motion stimulus . V7 was identified as an area adjacent and procedure for calculating shim coil settings. After shim coils were adjusted, a three-slice scout was taken to localize the brain. The anterior to V3A that contains a crude representation of at least the upper visual field, mirror-symmetric to that in V3A ( At the beginning of each scan session, we took a T1-EPI data set http://www.nmr.mgh.harvard.edu/freesurfer). To flatten monkey with the exact same slice prescription (number, position, and oriencortex, we made a few minor adjustments to the procedure for tation of slices) as in subsequent functional scans. By manual iterahuman subjects. Specifically, we made the following modifications.
tive alignment in three orthogonal planes between this T1-EPI data (1) Before running the white matter region-growing algorithm, we set and the high-resolution anatomy, we were able to register the manually selected several white matter "control points" in the occipifunctional data set to the flattened patch (see Mendola et al., 1999, tal and temporal lobe, which the algorithm would automatically clasfor details). sify as white matter. This step was necessary because the contrast Across-Subject Analysis between gray and white matter is slightly lower in monkeys, and This analysis is shown in Figures 5, 8 , and 9. For each ROI, the the white matter strands are thinner than in human cortex. (2) The average hemodynamic response to each condition was computed automatic skull-stripping algorithm did not work, and therefore we and then normalized by the average hemodynamic offset to yield a had to manually erase the image components corresponding to the percent signal change. These values were then averaged across skull. Otherwise, all procedures for cortical flattening generalized subjects. Since two of the macaques were scanned at 1.5 T while from humans to monkeys.
two were scanned at 3 T, prior to averaging between 1.5 T and 3 T data, the activations in each macaque subject were normalized by the average response across all visual areas to a zero disparity Area Border Delineation random-dot pattern versus uniform gray (measured during the same Monkeys scan session). In two monkeys, area borders for early visual areas were obtained through meridian mapping . In two additional monkeys, they were derived from a surface-based atlas (Van Essen, 
